A method for the detection of Norwalk virus and hepatitis A virus from shellfish tissues by PCR was developed. Virus was added to the stomach and hepatopancreatic tissues of oysters or hard-shell clams, and viral nucleic acids were purified by a modification of a previously described method (R. L. Atmar, T. G. Metcalf, F. H. Neill, and M. K. Estes, Appl. Environ. Microbiol. 59:631-635, 1993). The new method had the following advantages compared with the previously described method: (i) more rapid sample processing; (ii) increased test sensitivity; (iii) decreased sample-associated interference with reverse transcription-PCR; and (iv) use of chloroform-butanol in place of the chlorofluorocarbon trichlorotrifluoroethane. In addition, internal standards for both Norwalk virus and hepatitis A virus were made which demonstrated when inhibitors to reverse transcription-PCR were present and allowed quantitation of the viral nucleic acids present in samples. This assay can be used to investigate shellfish-associated gastroenteritis outbreaks and to study factors involved in virus persistence in shellfish.
Viral gastroenteritis due to Norwalk virus (NV) and Norwalk-like viruses and hepatitis due to hepatitis A virus (HAV)
have been associated with the consumption of raw or undercooked shellfish (24) . Current methods to ensure the sanitary quality of shellfish rely on bacterial indicators of fecal pollution, which may fail to detect viral contamination (4, 16) . This has led to efforts to develop surrogates for the presence of viral pathogens in shellfish or to develop methods to directly detect these viruses in shellfish (1, 3, 6-8, 10, 23, 27) . We have previously reported a method for the detection of NV and poliovirus from whole shellfish by reverse transcription-PCR (RT-PCR), but this method was unable to detect HAV (1) . In situ transcription studies localized most bioaccumulated HAV in the stomach and digestive diverticulum of shellfish (26) . This report describes modifications of the method used to detect viruses in these shellfish tissues. These improvements have resulted in methods to detect both NV and HAV, to identify inhibitors of RT-PCR in the processed sample, and to quantitate viral RNA present in the processed sample.
MATERIALS AND METHODS
Viruses and cell cultures. NV was obtained from the stools of human subjects who had been challenged with virus (9, 12) . HAV (HM-175 strain) was propagated in FRhK4 monolayers, and monodispersed preparations were prepared and stored at Ϫ70ЊC as described previously (1, 20) .
Sample preparation. Oysters (Crassostrea virginica; The Dutchman's Seafoods, Houston, Tex.) and hard-shell clams (Mercenaria mercenaria; South Carolina Department of Natural Resources, Charleston, S.C.) were shucked, and the stomachs and digestive diverticula were removed from the shellfish by dissection. One hundred microliters of virus-containing solution was added to 1.5 g of stomach and digestive diverticulum. These tissues were homogenized in 10 ml of phosphate-buffered saline (PBS; pH 7.4) and 0.2 ml of antifoam B (Sigma, St. Louis, Mo.) for two 30-s intervals at the maximum speed of an Omni-mixer (OCI Instruments, Waterbury, Conn.). Six milliliters of chloroform-butanol (1:1, vol/ vol) was added, and the mixture was homogenized for an additional 30 s. The homogenate was added to 173 l of Cat-Floc T (Calgon Corp., Elwood, Pa.) in a centrifuge tube. The Omni-mixer was rinsed with 3 ml of PBS, and this wash was added to the homogenate. After being rocked gently for 5 min at room temperature, the sample was allowed to settle for 15 min at room temperature. After being centrifuged at 13,500 ϫ g for 15 min at 4ЊC, the aqueous phase was collected. Then, 6.5 ml of a polyethylene glycol 6000 (BDH Ltd., Poole, England; 24% [wt/vol])-sodium chloride (1.2 M) solution was added to the aqueous phase. The sample was rocked for 1 h at 4ЊC and centrifuged for 20 min at 11,000 ϫ g at 4ЊC. The supernatant was removed by decanting, and the pellets were suspended in 3 ml of water.
Viral nucleic acids were purified from concentrated virus as previously described (1) . Briefly, after digestion of the virus with proteinase K (Amresco, Solon, Ohio) for 30 min at 56ЊC, the sample was extracted twice with an equal volume of phenol-chloroform-water (68:18:14) (Applied Biosystems, Foster City, Calif.), and the aqueous phase was precipitated in ethanol. The resulting pellet was suspended in water, and cetyltrimethylammonium bromide (CTAB; Sigma) and sodium chloride were added to final concentrations of 1.4% and 0.11 M, respectively. This mixture was incubated for 15 min at room temperature and then centrifuged for 30 min at 15,000 ϫ g at 25ЊC. The pellet was suspended in 1 M sodium chloride and precipitated in ethanol. The precipitated nucleic acids were suspended in 100 l of water, and 1 to 20 l was used for RT-PCR.
Primers. The oligonucleotide primers used for RT-PCR have been described previously (1, 14, 25) . The NV primers amplified the polymerase gene region of the virus, and the sequences were as follows: downstream primer (NVp35), 5Ј-CTTGTTGGTTTGAGGCCATAT-3Ј, and upstream primer (NVp36), 5Ј-ATAAAAGTTGGCATGAACA-3Ј. The HAV primers amplified the VP1 region of the virus, and the sequences were as follows: downstream primer (HAVp3), 5Ј-GGAAATGTCTCAGGTACTTTCTTTG-3Ј, and upstream primer (HAVp4), 5Ј-GTTTTGCTCCTCTTTATCATGCTATG-3Ј. Hybridization studies were done with primers homologous to regions between the upstream and downstream primers; for NV, the hybridization oligonucleotide (NVp69) sequence was 5Ј-GGCCTGCCATCTGGATTGCC-3Ј, and for HAV, the hybridization oligonucleotide (HAVp1) sequence was 5Ј-CTCCAGAATCATCTCC-3Ј.
Preparation of internal RNA standards. To make an internal RNA standard for NV, a new NV primer (NVp105) which contained the sequence of the upstream primer followed by a 25-base deletion and an additional 20 bases of virus-specific sequence was made. The sequence was 5Ј-CCAATAAAAGTTG GCATGAACATGCTGAGCATGCTAAATATAAGAAT-3Ј. The NV internal standard was generated from a DNA clone containing the region amplified by the NV primers. The NVp105 primer was used in an RT-PCR with NVp35 and RNA transcripts generated from a clone (pCRII-NV256-16) containing the polymerase gene portion of the NV genome (26a) to generate an amplicon containing a 25-bp deletion (21) . The resulting amplicons were ligated into the TA cloning vector pCRII according to the manufacturer's instructions (Invitrogen, San Diego, Calif.) and transformed into competent Escherichia coli One Shot cells (Invitrogen). Clones containing the proper insert were identified, and the orientation of the insert was determined by restriction enzyme digestion analysis. After linearization of the plasmid DNA with XbaI (Promega), RNA was synthesized from 1 g of plasmid with 45 U of SP6 polymerase (Bethesda Research Laboratories, Gaithersburg, Md.) in a total volume of 20 l, as previously described (11) . The plasmid DNA was removed by digestion with RNase-free DNase (Promega), and the RNA was precipitated twice in ammonium acetate and ethanol to remove the remaining nucleoside triphosphates. The RNA was suspended in water and quantitated by spectroscopy at a wavelength of 260 nm. This RNA was added to extracted nucleic acid preparations for quantitation and to monitor for inhibitors.
A similar strategy was used to generate an internal standard for HAV amplification reactions. The HAV primer (HAVp5), which consisted of the sequence of the upstream primer followed by a 25-base deletion plus an additional 20 bases of virus-specific sequence, was 5Ј-ATGTTTTGCTCCTCTTTATCATGCTAT GTCTGGTGGTTTTTCAACAAC-3Ј. For the HAV internal standard, primer HAVp5 was used in a PCR with HAVp3 and pGHAV1307A plasmid DNA (11) . After linearization of the plasmid DNA with SpeI (Promega), RNA was synthesized from 1 g of plasmid with 10 U of T7 polymerase (Promega) in a total volume of 20 l (11). The HAV RNA transcripts were then handled in the same fashion as the NV transcripts.
RT-PCR. Viral nucleic acids recovered from purification procedures were used for the synthesis of complementary DNA. For each experiment, tubes to which no viral nucleic acids were added were used as negative reagent controls. The RT mix contained 10 mM Tris-hydrochloride (pH 8.3), 50 mM potassium chloride, 1.5 mM magnesium chloride, 3.3 M downstream primer, 667 M deoxynucleoside triphosphates, 20 U of RNasin (Promega), and 5 U of avian myeloblastosis virus reverse transcriptase (Life Sciences, Inc., St. Petersburg, Fla.) in a 30-l volume. After incubation at 43ЊC for 1 h, 70 l of a PCR mix was added to yield a mixture containing 10 mM Tris-hydrochloride (pH 8.3), 50 mM potassium chloride, 1.5 mM magnesium chloride, 1 M each downstream and upstream primer, 200 M deoxynucleoside triphosphates, and 5 U of Taq polymerase (Perkin-Elmer Cetus Corp., Norwalk, Conn.). After the mixture was overlaid with mineral oil, the cDNA was amplified with a PTC-100 thermal cycler (MJ Research, Inc., Cambridge, Mass.). The cycling conditions for HAV were as follows: initial heat denaturation at 94ЊC for 3 min; 40 cycles of template denaturation at 94ЊC for 1 min, primer annealing at 49ЊC for 80 s, and primer extension at 72ЊC for 40 s; and a final extension at 72ЊC for 15 min. The cycling conditions for NV were as follows: initial heat denaturation at 94ЊC for 4 min; 40 cycles of template denaturation at 94ЊC for 1 min, primer annealing at 55ЊC for 90 s, and primer extension at 72ЊC for 1 min; and a final extension at 72ЊC for 15 min. Amplified products were 248 and 470 bp in length for HAV and NV, respectively, and were detected by agarose gel electrophoresis and ethidium bromide staining.
Hybridization. For slot blots, DNA was denatured by addition of 1/10 volume of a solution of 4 M sodium hydroxide-100 mM EDTA and was neutralized in an equal volume of 2 M ammonium acetate. The solution was blotted onto a positively charged nylon membrane (Schleicher & Schuell, Keene, N.H.) and then it was cross-linked to the membrane by a 3-min exposure to a UV light transilluminator (Fisher Scientific, Pittsburgh, Pa.). For Southern blots, the DNA was transferred to a nylon membrane with a VacuGene XL System (Pharmacia, Piscataway, N.J.) according to the manufacturer's instructions. The blot was prehybridized in a solution containing 5ϫ SSC (20ϫ SSC is 3 M sodium chloride plus 300 mM sodium citrate [pH 7.0]), 1.0% (wt/vol) Genius blocking reagent (Boehringer Mannheim, Indianapolis, Ind.), 0.1% N-lauroylsarcosine, and 0.02% sodium dodecyl sulfate (SDS) at 55ЊC for 1 h. After prehybridization, the blot was placed in a hybridization solution containing the prehybridization solution and an oligonucleotide probe (NVp69 or HAVp1) at a final concentration of 25 nM. The probes were end labeled with digoxigenin by using terminal transferase according to the manufacturer's protocol (Genius kit 5; Boehringer Mannheim). After a hybridization time of 2 h at 55ЊC, the blot was washed twice in 2ϫ SSC-0.1% SDS at room temperature for 5 min each and twice in 0.5ϫ SSC-0.1% SDS at 45ЊC for 15 min each. The hybridized probe was detected by use of the Genius 3 nucleic acid detection kit (Boehringer Mannheim) according to the manufacturer's protocol. Color development was terminated after 30 min.
RESULTS
Comparison of virus detection in dissected shellfish tissues and whole shellfish meats. We first evaluated the sensitivity of the method for detection of NV in pooled, homogenized shellfish stomach and digestive diverticulum tissues compared with that of our previously described method with whole shellfish. Table 1 shows the results after the addition of several dilutions of NV to oysters. Virus detection limits were consistently better when viruses were extracted from the stomach and digestive diverticulum alone than when extracted from whole shellfish. The reduced sensitivity for detecting virus in whole shellfish meats was due to the persistence of inhibitors to RT-PCR in the extracted samples (see below). The new method also worked for the detection of NV in clams (Fig. 1 ). In addition, as few as 100 PFU of HAV were detected after seeding shellfish digestive tissues (Fig. 2) , while HAV was not detected by the previously described method for whole shellfish (1) .
The amount of amplifiable viral nucleic acid added to the shellfish samples was estimated for the determination of test sensitivity. One RT-PCR unit was defined as the last dilution of a stool sample from which NV RNA could be amplified. Thus, the titer of viral RNA in a stool sample was the reciprocal of that dilution. Quantitation for NV measured RT-PCR units instead of virus particles because the numbers of virus particles in stool samples are too low to be quantitated by electron microscopy and NV remains uncultivatable. Figure 1 shows the results of representative studies of test sensitivity for NV. An amplicon of the appropriate size (470 bp) was seen after amplification of 5 and 200 RT-PCR units of NV in oysters and 10 and 100 RT-PCR units in clams (Fig. 1a and b) . In some experiments with NV, additional bands were seen following ethidium bromide staining (Fig. 1a) . These bands occasionally were the same approximate molecular weights as those expected from amplification of viral nucleic acids. Southern hybridization was used as an additional test of specificity to manage problems encountered in interpretation of the extra bands. A virus-specific probe (NVp69) end labeled with digoxigenin failed to detect the nonspecific bands seen following ethidium bromide staining (Fig. 1b) . When the virus-specific amplicon was detected by Southern blot hybridization, smaller bands were also frequently present on the blot. These bands were never present in the absence of an appropriately sized virusspecific amplicon and also were not present if fewer PCR cycles were used (data not shown). Slot blot hybridization yielded results similar to those from the Southern hybridization but was simpler to perform (Fig. 1c) .
Use of an internal RNA standard to help evaluate test sensitivity. A persisting question about the detection of virus in shellfish is whether inhibitors are present in a sample to produce negative RT-PCR results. To evaluate the presence of RT-PCR inhibitors, internal RNA standards for NV and HAV were developed. In the absence of shellfish extracts, as few as 13 copies of NV transcripts and 30 copies of HAV transcripts were detected. When 420 copies of NV RNA transcripts were added to whole shellfish nucleic acid extracts, NV target amplicons (445 bp) were not detected following RT-PCR (Fig. 3) . However, these amplicons were detected when the same number of NV RNA transcripts were added to an RT-PCR mix containing nucleic acid extracts from shellfish stomach and digestive diverticulum to which NV had not been added previously. This confirmed that the decreased sensitivity of the whole-shellfish method (Table 1 ) was due to the presence of inhibitors.
Use of an internal RNA standard for quantitation of NV RNA in stool samples. The NV internal standard was also used in a quantitative RT-PCR format to quantify the number of copies of the NV genome that could be detected in dilutions of extracted stool samples. In this assay, the number of NV genomes was calculated from the dilution at which the signal intensity of the virus-specific amplicon equals that of the transcript-derived amplicon. Figure 4 shows that approximately 420 copies of the NV genome were present in a 3,200-fold dilution of extracted stool sample. The limit of detection of NV RT-PCR for this stool sample was a 32,000-fold dilution. Thus, approximately 420 copies of the NV genome represent 10 RT-PCR units, and 1 RT-PCR unit is approximately 42 copies. The stool sample was calculated to contain approximately 13 million copies of the NV genome per ml. (26) . These results were similar to those seen for enteroviruses (23) . We reasoned that removal of these organs for virus extraction might simplify and shorten the time needed to purify viral nucleic acid for RT-PCR. These expectations were realized when the new method was tested. The following advantages of testing tissues compared with testing whole shellfish were identified: (i) more rapid sample processing time; (ii) increased test sensitivity; (iii) decreased sample-associated interference with RT-PCR; and (iv) use of chloroform-butanol in place of the chlorofluorocarbon trichlorotrifluoroethane.
A number of previous reports have described molecular methods for the detection of enteric viruses in shellfish (1, 5-8, 10, 17-19, 27) . The use of labeled, virus-specific probes in hybridization assays lacked sufficient sensitivity to detect viruses present in low concentrations in shellfish, although virus could be detected in more heavily contaminated environmental samples (18, 27) . RT-PCR assays have the potential to overcome the limitations of probe hybridization assays, increasing the theoretical level of detection to as few as one copy of a viral genome. Several investigators have used this technology to detect enteroviruses, HAV, and/or NV in a number of different shellfish species. The development of such assays with maximal test sensitivity has been hindered by the presence of RT-PCR inhibitors in shellfish tissues (1, 17) . In order to overcome this problem, most investigators have first concentrated virus from shellfish meats and then purified the viral nucleic acid before performing the RT-PCR assay. The reported sensitivities of these assays have been less than or equal to 10 PFU of poliovirus per 5 to 15 g of shellfish and 2,000 HAV particles per g of shellfish (1, 7, 17) . Problems which need to be overcome to obtain maximal test sensitivity include the persistence of inhibitors in extracted samples as well as the presence of nonspecific bands on ethidium bromide-stained gels.
Although the described RT-PCR assays for the detection of enterovirus, HAV, and NV nucleic acids generally have been very sensitive, many investigators have used only a portion of the initial shellfish sample in their assays. This may reflect a problem in dealing with inhibitors in the original shellfish sample. Inhibitors have been recognized to cause major problems in the application of RT-PCR to environmental samples (1, 2, 17) . We reported previously that at least some of the inhibitors present in shellfish tissues are polysaccharides (1) . The application to whole shellfish of a polyethylene glycol precipitationnucleic acid purification method with CTAB significantly reduced the amount of inhibitors present and allowed the detection of small quantities of viral nucleic acid, but, as noted above, inhibitors to PCR may persist in some extracts. In order to avoid problems with false-negative results (failing to detect virus present in a sample), either the inhibitors must be removed or their persistence must be detected. One method which appears to have been successful for the detection of HAV in shellfish has been the use of an antigen capture-PCR method (3, 6) . Although high-titered polyclonal sera capable of capturing most circulating strains of HAV are available, the same is not true for NV and related viruses in the human calicivirus group. Only recently has high-titered immune serum to NV been produced, but it is highly specific, reacting only with very closely related strains (9, 13, 15) . Thus, at present, an antigen capture method for the detection of many human caliciviruses is not practical. A more general virus purification scheme must be used, and such a scheme may fail to consistently remove all inhibitors. To detect such inhibitors, we developed an internal control with small numbers of RNA transcripts containing the sequence to be amplified by the virusspecific primers. The shorter length of the transcript amplicon allowed its physical separation from the virus-specific amplicon after gel electrophoresis. A small number of transcripts was required to ensure that the presence of the internal control transcript itself does not prevent the detection of virus present in a sample. The use of transcripts demonstrated that failure to detect virus in spiked samples of whole shellfish was due to an inhibitory substance remaining in the shellfish nucleic acid extract. An internal control also can be used to quantitate the amount of viral nucleic acid present in a sample (7, 21) .
The generation of nonspecific amplicons is a potential problem in PCR assays. The nonspecific amplicons may be approximately the same size as the specific amplicon and cause the misinterpretation of a PCR assay if size is the only criterion used to identify virus-specific products. A variety of methods have been developed to circumvent this problem. Goswami et al. (7) noted that they found no evidence of false priming with shellfish RNA when HAV-specific primers and a high annealing temperature were used in the assay. However, in assays for other viruses (e.g., NV and enteroviruses), the length of the virus-specific primer does not allow such high annealing temperatures to be used (1, 17) . We and Lees et al. (17) both noted nonspecific amplicons in our assays for these viruses. The simplest method to increase the specificity of a PCR assay is to use probe hybridization with a labeled, virus-specific oligonucleotide homologous to a region of the virus genome located between the sites to which the PCR primers bind. A number of different formats for such confirmatory assays have been described and include the slot-blot and Southern blot assays described in this report. In addition to increasing the specificity of a PCR assay, the use of a probe hybridization assay may also increase the sensitivity of the assay by allowing the detection of amplicons not visible on ethidium bromide-stained gels (7) . In our studies, the virus-specific probe has not hybridized with the nonspecific amplicons seen on the gel but did detect virusspecific amplicons.
The use of the internal standard to quantitate the amount of viral nucleic acid present in a stool sample suggested that Ն10 7 copies of the NV genome are present in 1 ml of stool. This is considerably higher than previous estimates of the number (10 5 to 10 6 /ml) of viral particles in stool. The reason for these differences is unknown at present, but possible explanations include the presence of free viral RNA in stool, of amplifiable viral RNA in infected cells shed into the gastrointestinal tract, and of amplifiable viral RNA in a structure different from that 2 to 8, 100-, 320-, 1,000-, 3,200-, 10 ,000-, 32,000-, and 100,000-fold dilutions, respectively, of viral RNA extracted from stool and amplified in the presence of 420 copies of NV transcript RNA containing a 25-base deletion; lane 9, negative reagent control. NV amplicons are 470 bp, while the amplicons from the transcripts are 445 bp in length.
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on February 23, 2013 by PENN STATE UNIV http://aem.asm.org/ of the typical icosahedral viral particle visualized by electron microscopy. Molecular methods to detect enteric viruses in shellfish have several potential uses: (i) the direct detection of viral pathogens to screen shellfish intended for public consumption; (ii) the investigation of enteric illness outbreaks associated with the consumption of shellfish; and (iii) the study of virus persistence in shellfish over time, particularly for viruses that cannot be cultivated (e.g., the determination of factors affecting shellfish depuration of NV). The latter two uses already have been realized to some extent in different laboratories (6, 19; unpublished data). However, before any of the methods reported thus far can be used for screening the public food supply, they will need to be validated to determine the reproducibility of the assay, its sensitivity and specificity, the optimal number of samples to be screened, and the significance of detection of viral nucleic acid to the pathogenicity of the shellfish.
In summary, we have described a shortened method which allows the detection of both NV and HAV in the digestive tissues of oysters and hard-shell clams. The use of an internal control in each reaction helps prevent false-negative results due to inhibitors persisting in the sample, and a hybridization assay increases the specificity (and potentially the sensitivity) of the assay. This assay can be used to investigate shellfishassociated gastroenteritis outbreaks and to study factors involved in virus persistence in shellfish.
